.O Introduction
Following their retreat from Kuwait during February and March of 199 1, the Iraqi Army set fire to over 500 oil wells dispersed throughout the Kuwait oil fields (Figure 1 ). During the period of sampling from July to August 1991, it was estimated that between 3.29 x lo6 and 3.75 x lo6 barrels per day of crude oil were combusted (Robinson 1992) . The resulting &es produced several plumes of black and white smoke that coalesced to form a composite "super" plume. Because these fires were uncontrolled, significant quantities of organic materials were dispersed into the atmosphere and drifted throughout the Middle East. The organic paxticulants associated with theglume of the oil well fires had a potential to be rich in polynuclear aromatic hydrocarbon 0 compounds. Based on the extreme mutagenic and carcinogenic activities of PAHs found in laboratory testing, a serious health threat to the population of that region potentially existed. Furthermore, the Kuwait oil fire plumes represented a unique opportunity to study the atmospheric chemistry associated with PAHs in the plume. If samples were collected near the plume source and from the plume many kilometers downwind from the source, comparisons could be made to better understand atmospheric reactions associated with particle-bound and gas-phase PAHs. To help answer health-related concerns and to better understand the fate and transport of PAHs in an atmospheric environment, a sampling and analysis program was developed. The results of this sampling and analysis program are discussed in the following sections. 
Experimental

Sample Collection
Near-field sampling was conducted by the U.S. Environmental Protection Agency P A ) using a helicopter as the sampling platform. Sampling was conducted during late July through the middle of August 1991. Sampling occurred from the plume sources to a maximum distance of 50 km downwind.
Filter and/or Tenax trap samples were collected using a Versatile Air Pollution Sampler (VAPS) sampling system (Figure 2) . The sampler was equipped with 47-mm glass fiber filters with a 1.5-in.
diameter stainless steel nipple packed with 3 g of Tenax gas chromatography (GC) (Olsen et al. 1983 ). Pacific Northwest Laboratory (PNL) provided several of the Tenax traps used for EPA's near-field sampling effort. Using the sampling arrangement discussed above, concentrations of particulate associated and gas-phase PAH compounds could be measured. EPA split portions of the glass fiber filters for confirmatory analysis with PNL and the Ford Motor Company (FMC). Table 1 identifies the samples EPA sent to PNL/FMC for analysis of critical collection parameters. Followhg collection, the filters and Tenax traps were stored at air-conditioned room temperatures in Kuwait, then hand-carried by EPA stat€ to Research Triangle Park in North Carolina. The samples were express mailed to PNL where they were stored at approximately 4°C until being shipped to FMC. Samples were stored at -20°C at F M C until they were analyzed.
Far-field sampling (from 112 to 232 km dawnwind of Kuwait) was conducted using PNL's Gulfitream-1 aircraft (Figure 3 ). The flight number in Tdle 2 identifies the flight path during sample collection in Figure 3 . A detailed description of the aircraft has been reported previously ( Busness et al. 1992 ). Ambient air samples were directed to measurement systems in the cabin by externally mounted probes at the right forward side of the aimaft. Two 1-in. probes provided sample input to the integrated Ster collection systems; each probe was monitored by flowmeters connected to the air& data acquisition system. All sample lines and manifbids were either Teflon or Teflon-lined to minimize contamination or chemical transfbrmation of ambient samples. Air-jet vacuum ejectors installed on each engine, operating on high-pressure air from the engine compressors, created a vacuum for pumping samples through the filter-collection system. Manually-operated valves ahead of and behind each filter holder were used to control the flow through each filter pack. A specially designed filter pack .for PAH sampling was developed that could easily be installed and removed from the filter-collection system (Figure 4 ) . 
Sample Analysis
Extraction and analysis of the EPA-collected near-field samples were conducted at the FMC by Dr. James Ball. All glassware used in the extraction of filters was cleaned with chromic acid solution, rinsed with reverse osmosis water, rinsed with methylene chloride, and dried at 150°C overnight. Soxhlet apparatus was purged by refluxing overnight with methylene chloride. All extractions were carried out in subdued lighting under a positive pressure of dry nitrogen gas. Soxhlet eartraction was carried out fbr about 16 hours with 3 to 4 cycleshr. Each Soxhlet apparatus was heated using an oil bath to minimize local super heating. Local super heating at the glass-heating mantle interface can cause polymerization of reactive compounds. The temperature of the oil bath was maintained between 70 to 80°C. The methylene chloride extracts were rotoevaporated to a small volume and transfened to a tared conical vial. The extract was concentrated to between 100 to 400 pL under a stream of dry nitrogen gas. The two filters spiked with NIST Urban Dust and Shale O i l were concentrated to only 850 and 1750 pL, respectively, because these extracts contained considerably more extractable materials based on their intense yellow-brown color. The volumes were measured by using the weight of the extract and the density of methylene chloride at room temperature (1.322 g/cc at 23°C). Methylene chloride extracs of the individual filters were analyzed within 24 hours of being extracted.
Sixteen PAH compounds were analyzed in the near-field samples. The identity, selected mass ions used for quantification, and the detection limits of each PAH are shown in Table 3 . Certified reference solutions containing thee 16 PAHs were purchased from Ultra Scientific (North Kingstown, RI) and were diluted with methylene chloride in volumetric glassware. A standard cume was generated that ranged from 0.02 to 7.0 ng/& depending on the specific PAH (see Table 3 ). analyze the filters from individual plumes and the reference filters, while the second column was used to analyze the filters from the composite plume downwind from the oil fires V&le 1). The first column was discarded after injection of the extracts from the very "dirty" filters coated with NET Urban Dust (SRM 1649) and Shale O i l (SRM 1580). The following temperature pnjgram was used for the separation of the PpiHs: 40-110°C at 15"C/min, hold at 110°C for one minute; 110°C to 300°C at 3.5"C/min. The injection port was 280°C; themass detector was at 275°C. All injections were carried out using 1 .O pL sample volumes, 0.5 pL air, and 0.5 pL methylene chloride in the splitless injection mode. The mass selective detector was set to analyze specific ions of the individual PAHs based on the retention times of standard P ? s .
Far-field filter and Tenax samples were extracted and analyzed by PNL. All glassware used in the extraction of filters was cleaned with chromic acid solution, rinsed with Mil1i-Q water, rinsed with methylene chloride, and dried at 150°C overnight. Soxhlet apparatus was purged by refluxing with methylene chloride or methanol, depending on the media to be used for extraction. Methylene chloride (180 mL) was used to extract the filter samples, and methanol (150 mL) was used to extract the Tenax traps. Soxhlet extraction was carried out for about 14-16 hours. Each Soxhlet apparatus was heated using a heating mantle assembly. The methylene chloride and methanol extram were rotoevaporated to a small volume and transferred to a tared pear-shaped vial for further concentration. All samples were analyzed using a Hewlett-Packard 5880 gas chromatograph equipped with a 15 M x 0.25 mm inside dia. fused silica capillary column coated with 0.25 pm DB-5 Q & W Scientific, Folsom, CA). The oven was temperature programmed from 50 to 275°C at 4"C/min with a 2-min hold at the initial temperature and a 5-min hold at the final temperature. The injection port and ff ame ionization detector (FID) were operated at 275°C and 300"C, respectively. Helium was used as the carrier gas at an approximately 50 c d s flow rate. The samples were analyzed using an autosampler set to deliver approximately 1 pLhjection in the following order: calibration standards, filter samples, calibration standards, Tenax trap samples, calibration standards, urban dust sample, and shale oil sample. Blanks Containing the internal standard were m a l m before the analysis of sample sets to ensure that there was no carryovef of PAH compounds from the calibration standards. The urban dust and shale oil samples, known to contain large amounts of organic compounds, were analyzed last so that they did not contaminate the system while the lower level lilter and trap samples were being analyzed. A sample of a coal tar test mixture that had been previously characterized by G U M S was also analyzed to give the retention times of additional PAH compounds for which no standards were made.
The average response factors of the individual PAH cornpounds in the calibration standards were calculated based on both area and height response. The response factors from the calibration standard, with the nearest concentration to that found in the actual samples, were used for calculations. Response fixtors of the closest eluting standard compounds were used for the PAH compounds for which there were no standards. Quantitative values were calculated using both area and height respopse, after which the results were averaged. Total ng (or pg for sample 2) amounts are reported. Minimum detectable amounts were about 20 ng for samples 1 and 4 through 18, about 40 ng for sample 3, and about 1.8 pg for sample 2. All identifications are based on retention time only and may be representative of co-eluting species.
Samples 6, 11, and 17 were also analyzed by GUMS using a M a n Saturn Ion Trap mass spectrometer. The chromato,gaphic conditions were as follows: 30 rn x 0.25 mm inside dia. fused silica capillary column coated with 0.25 pm DB-5 (J & W Scientific); 60 to 280°C at 7"C/min with a 2-min initial time and a lO-min hold at the final temperature; 1 pL injection.
Results
With the exception of the two standard reference samples, none ofthe near-field filters showed any PAH compounds after correcting for the blank filter (Ball et al. 1993) . Figure 5 shows a chromatogram of 1 ng of each PAH compound in the standard mixture. Several of the PAH compounds eluted as incompletely resolved pairs. For example, the following PAH compounds were not completely resolved; benzo [a] anthracene and chrysene, benzo[a]fluoranthene and bem [ah] anthracene. An example of one G C / M S chromatogram of the filter extract is shown in Figure 6 . There are numerous GC peaks present in the extract of filters from the smoke plumes.
However, very few of these peaks correspond to any of the PAH compounds in Table 3 . In each filter extract, including the filter blank, naphthalene was present, and i5r some filter extracts there were small amounts of fluorene, phenanthrene, and anthracene. The extract of the blank filters also showed these PAH compounds at the same concentrations. The chromatogram of a methylene chloride extract of a clean Bter (filter blank) is shown in figure 7. If these smoke plume filter extracts are corrected for the presence of PAH compounds in the filter blank, then 110 detectable PAH compounds are found in any of the filter e;xtracts. The PAH compounds found in the urban dust sample tend to be the higher molecular weight PAH compounds, whereas the PAH compounds found in the Shale Oil sample are mainly the lower molecular weight PAH compounds listed in Table 3 . No attempt was made to quanti@ these PAH compounds because of the lack of PAH compounds in the plume filter samples.
There was one possible complication in the extraction of the near-field filter samples. The concentrated methylene chloride extracts of the filters showed a white, gelatinous material that may have absorbed PAH compounds. If this occurred, the PAH concentrations measured could have been artificially low. This possibility was tested by resuspending a filter extract with methylene chloride spiked with approximately 1 ng/pl of PAH compounds in the standard mixture. To within experimental enor, there was no apparent loss of PAH compounds to the gelatinous material.
The results of the GC analysis of the f&-field filter samples are given in the Table 4 . Sample identification is listed in Table 2 . Few compounds were identified that had retention times that corresponded to the retention times of known P M compounds. All of the compounds identified as PAH (by retention time) in the samples were very minor components in the chromamgrams. In addition to those PAH compounds quantified in the table, there were some baseline peaks in the chromatograms that possibly could have been PAH, but they were below the minimum detectable limit of approximately 20 ng in the sample. Other major components were present in all of these samples, but their retention h e s did not correspond to those of PAH compounds. A peak with a retention time that matched anthracene was fbund in all of the samples at about the same level. Because it was also present in the blank (sample l), it is likely that this is a contaminant peak. Because all the compounds that were identified were basically baseline peaks, it is also highly likely that the compounds quantified are merely artifacts and not necessarily PAH compounds.
The results of the GC analysis of the far-field Tenax trap samples are given in the Table 5 . Sample identification is listed in Table 2 . More compounds that had retention times corresponding to PAH compounds were detected in the Tenax trap samples than in the filter samples. However, the quantitative results from the Tenax blank (sample 11) also reflected the increased concentration of compounds detected. Again, the compounds identified as PAH compounds by retention times were not the major 
Conclusions
There are three possible explanations for the lack of PAH compounds associated with particles from the Kuwait oil fires and air samples from within the plume of the oil fires. The first possibility is that the concentrations of PAH compounds associated with the particles and in the gas phase are very low in the plume, below the level of detection by GC-FLD or selected ion GC/MS. The second possibility is that there was an insufficient quantity of particulate matter or air collected during sampling. Because of insufficient data on the mass of samples collected on the filter samples, there is no way to distinguish which one of the first two scenarios was more likely for the near-field samples. The same is true for the &-field samples, and the problem is compounded because the integrity of the filter samples is questionable because of possible exposure to elevated temperatures during shipment.
Reports of other researchers (Stevens et al. 1993) conducting similar sampling of the Kuwait oil fire plumes failed to identify significant concentrations of PAH compounds associated with the oil well fires. This conclusion is totally unexpected, given the vast quantities of crude oil burned and the many reports in the literature stating the production of PAH compounds is h r e d under no-ideal combustion conditions. A possible explanation for M u r e to find any PAH compounds may be related to the tendency of the black soot material in the plume to irreversibly bind the PAH compounds to active sites on its surface.
